Introduction {#sec1}
============

The ever-growing demand for energy and increasing concern for sustainable development are forcing humankind to seek for new technologies for harnessing energy from renewable sources. One promising alternative is the production of hydrogen by a solar energy-driven process called artificial photosynthesis. In this process, the energy of the incoming photons is converted into chemical energy of the molecular bonds by dissociating water molecules into hydrogen and oxygen.^[@ref1]^ The dissociation reaction requires semiconducting electrodes that are stable in electrochemical conditions, can efficiently absorb solar energy, can support the redox reaction of water molecules on their surfaces, and are cost-efficient. Several traditional semiconductor materials such as silicon, gallium arsenide, and gallium phosphide have electronic structures with suitable band potentials to enable the water oxidation half reaction. However, these materials are unstable under oxidizing conditions. Thus, the oxidation of the electrode material itself competes with the water oxidation leading to either photocorrosion or passivation of the electrode surface.^[@ref1]−[@ref3]^ For this reason the electrode surface must be coated with a suitable protective layer. One promising material for this application is titanium dioxide (TiO~2~), which has attracted tremendous research interest during the last decades.

Traditionally the TiO~2~ research has concentrated on its crystalline anatase, rutile, and brookite polymorphs, but in recent years several studies have revealed that the amorphous counterpart might actually be more advantageous due to its electric "leakiness".^[@ref2],[@ref4]−[@ref6]^ In other words, the electronically defective nature of the amorphous TiO~2~ makes it more conductive. Good conductivity is important in avoiding tunneling barriers that reduce the photocurrent or increase the required overpotential.^[@ref7]^ In insulating, tunneling based protection layers these losses would constitute a significant disadvantage because the film has to be at least several nanometers thick to avoid pinhole defects.^[@ref8],[@ref9]^ In the chemical sense, the increased conductivity can be attributed to the reduction of Ti^4+^ cations to the Ti^3+^ state. This can be achieved, for example, by n-type doping, where tetravalent Ti is substituted by pentavalent cation such as Nb or Sn or by substituting O with F.^[@ref10]^ Another option is to modify the bond structure by creating O vacancies or Ti^3+^ interstitials.^[@ref10]^ The advantage of the latter method is that no new elements have to be introduced to the structure.

In the present study we report a detailed analysis of two approaches for modifying ALD grown a-TiO~2~ ultrathin films to address the question of intrinsic stability of a-TiO~2~ in photoelectrochemical (PEC) energy conversion: thermal treatment and atomic hydrogen treatment. The PEC properties and the electrochemical stability of the post-treated a-TiO~2~ ultrathin films are investigated with standard electrochemical measurements in conjunction with simulated solar irradiation and correlated with the molecular and electronic structure obtained by photoelectron spectroscopy analysis. In both thermal and atomic hydrogen treatment, a 28.7 nm thick a-TiO~2~ film deposited on a Si single crystal is used as a substrate. The first modification method is based on high-temperature annealing (up to 900 °C) in ultrahigh vacuum (UHV). Interestingly, X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) results reveal that the amorphous structure is preserved despite the high annealing temperature. In the thermal method the improved "leakiness" is shown to be induced by charge transfer within the ionic framework of a-TiO~2~. Moreover, the elemental composition of the a-TiO~2~ film is not altered by the treatment. On the other hand, in atomic H treatment, the H atoms react with O leading to the desorption of water molecules and creation of O vacancies. Ultraviolet photoelectron spectroscopy (UPS) is used to show that in both methods the valence band structure of a-TiO~2~ is severely modified by occupied Ti 3d derived states above the valence band maximum (VBM) of a stoichiometric TiO~2~.^[@ref10],[@ref11]^ Furthermore, our PEC results reveal that a-TiO~2~ is susceptible to severe photocorrosion under photoelectrochemical water splitting conditions. Achieving the PEC stability for a bare a-TiO~2~ coating without an electrocatalyst requires the thermally induced formation of oxide defects in the ionic framework. These findings regarding the intrinsic stability of thermally treated a-TiO~2~ are likely to promote the use of a-TiO~2~ thin films in photoelectrochemical and other functional applications. Moreover, the a-TiO~2~ combined with an active electrocatalyst exhibits advantageous approach stabilizing traditional semiconductor materials used for water splitting reaction.

Materials and Methods {#sec2}
=====================

The P-doped (resistivity 1--20 Ω cm) n-type Si(100) wafers were purchased from Wafer World, Inc. (Florida). The 400 μm thick, 3-in. diameter prepolished wafers had been cut in (100) orientation with ±1° accuracy. For the experiments 10 × 10 mm^2^ squares were cleaved. The Si substrates were first cleaned by sonicating them for 45 min in 99.5% EtOH followed by a combination of annealing and atomic hydrogen treatments in UHV. The details of the UHV cleaning procedure are described in ref ([@ref12]). In short, the samples were first annealed to 1000 °C to remove native oxide. After this they were exposed to atomic hydrogen at 800 °C (10 min) and 400 °C (10 min) at *p*~H~ = 1.0 × 10^--7^ mbar, which removed the segregated Cu and Ni impurities, respectively. In all stages, the sample temperature was monitored with a pyrometer (Land Cyclops 160B) using an emissivity value of ε = 0.60. The pyrometer reading was calibrated against type K thermocouple measurements in a separate system. After annealing, the surface cleanness and structure were verified by X-ray photoelectron spectroscopy and low energy electron diffraction (LEED) (Figure S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf) and ref ([@ref12])). After the UHV cleaning, the samples were cooled down in vacuum and transferred to the ALD system through the atmosphere. The exposure to air was kept less than 5 min.

ALD deposition of a-TiO~2~ was carried out using a Picosun Sunale ALD R200 Advanced reactor. Tetrakis(dimethylamido)titanium(IV) (Ti(N(CH~3~)~2~)~4~, TDMAT, 99%, Strem Chemicals Inc., France), deionized water, and N~2~ (99.9999%, Oy AGA Ab, Finland) were used as the Ti precursor, O precursor, and carrier/purge/venting gas, respectively. a-TiO~2~ films were prepared with two different thicknesses: 28.7 nm for PEC and XPS/UPS measurements and 200 nm for XRD measurements because the thinner film did not give sufficient XRD signal intensity. The number of ALD pulses for the films were 804 and 5600, respectively. The film thickness was verified by ellipsometry (Rudolph Auto EL III Ellipsometer, Rudolph Research Analytical).

During the ALD, the Si substrate temperature was kept at 200 °C. The vapor pressure of the TDMAT was increased to 3.6 mbar by heating the precursor bubbler to 76 °C, and the precursor gas delivery line was heated to 85 °C to prevent condensation. The water bubbler was sustained at 18 °C by a Peltier element for stability control. The substrate temperature was stabilized for 30 min before starting the deposition. The 200 °C ALD growth temperature was selected because it results in amorphous growth whereas higher ALD temperatures produce strongly crystallized anatase TiO~2~.^[@ref13],[@ref14]^ On the other hand, much lower temperatures would result in incomplete precursor dissociation leading to higher remnant impurity concentrations, especially nitrogen from TDMAT. Low temperatures also produce more stoichiometric TiO~2~ which, based on our preliminary experiments, cannot be modified by the post-treatments as effectively as the films grown at 200 °C ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf)).

After the ALD deposition, the samples were cooled down in nitrogen gas before transferring them back to UHV for post-treatments and photoelectron spectroscopy (PES) measurements. The exposure to ambient atmosphere during the transfer was approximately 5 min.

The post-treatments were performed in the preparation chamber of the NanoESCA spectromicroscopy system (Omicron NanoTechnology GmbH)^[@ref15]^ and they were divided into two sets: (1) thermal treatment and (2) atomic hydrogen treatment. Thermal treatments were conducted cumulatively in 100 °C steps from 400 to 900 °C in UHV keeping the chamber pressure in the 10^--9^ mbar range during the annealings. The upper limit for the annealing series was selected based on our previous studies where a-TiO~2~ became completely reduced above 950 °C.^[@ref12]^ The heating setup consisted of a resistive PBN-heating element mounted to a manipulator close to the backside of the sample and the sample held in a Mo sample plate. The temperature was increased to the target value in approximately 3 min and then kept constant for 10 min after which the sample was let to cool down to \<100 °C. The temperature was monitored with a pyrometer. After each annealing step, the sample was transferred to the analysis chamber under UHV conditions for PES measurements or alternatively removed from the UHV system for PEC studies.

The atomic hydrogen treatments were performed in the same preparation chamber as the thermal treatment series. The sample temperature was kept at 300 °C during the atomic hydrogen exposure. The hydrogen treatment series was made cumulatively so that the total exposure times of 1, 5, 10, and 50 min were achieved. The hydrogen flux was produced by using EFM H Atomic Hydrogen Source (Omicron NanoTechnology GmbH). The source is based on leaking hydrogen gas through a heated tungsten capillary which causes thermal dissociation of hydrogen molecules with a dissociation efficiency close to 100%.^[@ref16]^ The following parameters were used: e-beam acceleration voltage = 1000 V, e-beam emission current = 40 mA, filament current = 2.00 A. Hydrogen gas pressure in the preparation chamber was adjusted to 1.0 × 10^--6^ mbar, and the sample was set in line with the capillary tube. After each hydrogen exposure step the sample was transferred to the analysis chamber for PES.

The PES measurements were conducted in the analysis chamber of the NanoESCA system with a base pressure below 1 × 10^--10^ mbar. Focused monochromatized Al Kα radiation (**h*ν* = 1486.5 eV) was utilized for core level XPS whereas valence band UPS spectra were measured with a focused nonmonochromatized He Iα radiation (**h*ν* = 21.22 eV) using HIS 13 VUV Source (Focus GmbH). The spectra were collected with a photoemission electron microscope (PEEM) paired with a single hemispherical energy analyzer. The energy resolution of the analyzer was set to 400 meV (pass energy 100 eV, slit 1 μm) and 100 meV (pass energy 50 eV, slit 0.5 μm) for XPS and UPS, respectively. The analysis area was set to 230 μm in diameter for XPS and 95 μm for UPS, corresponding to the maximum spot sizes of the radiation sources. Large analysis areas ensured that the results represent the average surface composition. Previous small area XPS results have shown that both the ALD grown and post-treated surfaces are homogeneous.

The chemical states of the elements were determined from the core level XP spectra by least-squares fitting of asymmetric Gaussian--Lorentzian line shapes after subtracting a Shirley type background ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf)). The determination of the electron band structure near the Fermi edge was made by analyzing the UPS valence band spectra. Because of large inelastic secondary electron background a Tougaard background was subtracted and the remaining intensity was fitted with Finite Lorentzian Asymmetric peaks ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf)). The analysis was made in CasaXPS software version 2.3.17PR1.1^[@ref17]^ using the Scofield photoionization cross sections as relative sensitivity factors. The binding energy (*E*~b~) scale was calibrated by setting the O 1s main peak (O in a-TiO~2~) to 530.20 eV.

The influence depth of the hydrogen treatment was estimated by comparing the measured Ti 2p photoelectron spectroscopy results with a simulation. For this comparison the Ti 2p attenuation length was calculated by using the TPP-2M^[@ref18]^ formula in the QUASES-Tougaard software package.^[@ref19]^ For the 1028 eV kinetic energy (corresponding to Ti 2p~3/2~), the formula gave an attenuation length of λ = 2.2 nm.

Thermal treatment of ALD grown a-TiO~2~ is known to induce crystallinity in some cases.^[@ref13],[@ref20],[@ref21]^ For this reason, structural characterization of the 200 nm thick samples both in as-deposited (after ALD growth) and thermally treated conditions was carried out by using XRD (Panalytical Empyrean multipurpose diffractometer) with Cu Kα radiation (λ = 1.5405 Å) and 45 kV and 40 mA cathode voltage and current, respectively. The samples were scanned in 2θ between 20 and 40°. The XRD data was postprocessed by subtracting the background and removing the Cu Kα~2~ X-ray satellite peaks.

Photoelectrochemical performance was studied in a homemade PEC cell (PTFE body, volume 3.3 cm^3^), using a three-electrode system controlled by Autolab PGSTAT12 potentiostat (Metrohm AG). The studied samples were inserted between a rubber O-ring and a stainless steel plate. The steel plate on the back side provided the electrical contact and the O ring ensured a well-defined 0.28 cm^2^ planar projected electrode surface area. An Ag/AgCl electrode (Leak-Free LF-2, Warner Instruments, LLC) and Pt wire (surface area 0.82 cm^2^) were used as reference and counter electrodes, respectively, in an aqueous solution of 1 M NaOH (pH = 13.6). The potential values were converted to the reversible hydrogen electrode (RHE) scale by the equation *V*~RHE~ = *V*~Ag/AgCl~ + 0.197 V + pH × 0.059 V. A simulated solar spectrum was produced with a HAL-C100 solar simulator (Asahi Spectra Co., Ltd., JIS Class A at 400--1100 nm with an AM1.5G filter), and the intensity was adjusted to 1.00 Sun using a 1 sun checker (model CS-30, Asahi Spectra Co., Ltd.). The photon flux was directed to the sample front surface through a 5 mm thick quartz glass window and 18 mm thick electrolyte layer. The PEC testing was started by studying the current--voltage characteristics in dark and under simulated sunlight ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf)). After this linear sweep voltammetry, the sample was subjected to an electrochemical stability test by biasing the sample to water redox potential of +1.23 V vs RHE under simulated solar light. Both light and dark currents were measured by chopping the light off and on every 5 min. The data collection was continued for 60 min corresponding to a total of six light/dark cycles. The as-deposited and 500 °C UHV annealed samples were also subjected for a longer stability test under continuous illumination.

Results and Discussion {#sec3}
======================

Photoelectrochemical Activity and Stability {#sec3.1}
-------------------------------------------

The PEC behavior of the thermally and hydrogen treated a-TiO~2~ samples was tested by studying their PEC responses at +1.23 V vs RHE. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates the photocurrent density as a function of time for four samples. The highest current was actually reached with the untreated as-deposited sample. However, after about 10 min illumination, the photocurrent started to decrease sharply. This indicates that the current is not due to the oxygen evolution reaction but instead caused by the dissolution of the a-TiO~2~ layer and therefore an indication of a-TiO~2~ photocorrosion. The result was confirmed with a long exposure in 1 M NaOH which dissolved the 30 nm film completely in 5 h as shown by the current density drop and the photograph in the inset of the [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Similar results were obtained for the hydrogen treated and the 400 °C thermally treated surfaces. On the other hand, all samples annealed at 500 °C or higher showed stable photocurrents for at least 20 h and close to zero dark current. It was also found that as the thermal treatment temperature approached 900 °C, the photocurrent declined. This is likely due to the insulating Si oxide layer that is formed at the Si--a-TiO~2~ interface, as will be discussed later.

![Chronoamperometric testing of four a-TiO~2~/Si electrodes in 1 M NaOH (aq.) under the illumination intensity of 1.00 Sun. Black: as-deposited film without post-treatment, blue: annealed at 400 °C, red: annealed at 500 °C, green: hydrogen treated for 10 min at 300 °C. The inset shows the photocurrent density of the as-deposited and 500 °C annealed samples during a long stability test under continuous irradiation. The photographs illustrate the surface at the end of the stability test. Photoanodes were kept at constant +1.23 V vs reversible hydrogen electrode (RHE).](cm-2017-029385_0002){#fig1}

The instability of the as-deposited, hydrogen treated, and below 500 °C annealed samples was somewhat surprising, because there are reports of apparently similar ALD grown amorphous TiO~2~ films used as PEC electrodes.^[@ref4],[@ref22]^ In many cases, the TiO~2~ film has been even much thinner than 30 nm.^[@ref7]^ It should also be noted that in most studies, Ni, IrO~2~, or some other electrocatalyst material has been evaporated or sputtered on top of the TiO~2~ layer.^[@ref4],[@ref7],[@ref8],[@ref22],[@ref23]^ On the basis of our results, the protective properties of the a-TiO~2~ film may not originate from the native film itself, but they may be attributed to the combination of TiO~2~ and the electrocatalyst. However, with a thermal treatment the as-deposited a-TiO~2~ film can also be made stable for PEC applications.

Molecular Structure of Amorphous TiO~2~ {#sec3.2}
---------------------------------------

To achieve molecular level understanding of the reasons why thermally and hydrogen treated a-TiO~2~ films exhibit such different photoelectrochemical behaviors, we analyzed the samples by XPS. Special attention was paid to the formation of the different Ti 2p oxidation states in both treatment series. The measured O 1s and Ti 2p XP spectra are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Ti 2p and O 1s XP spectra for (a) thermal treatment and (b) hydrogen treatment series. The Ti 2p spectra are fitted for both 3/2 and 1/2 doublets with three synthetic oxide components in each spin--orbit coupled state.](cm-2017-029385_0003){#fig2}

Ti was identified in three different oxidation states, which correspond to Ti^4+^ (stoichiometric a-TiO~2~) at 459.00 ± 0.20 eV, Ti^3+^ at 457.20 ± 0.20 eV, and Ti^2+^ at 455.95 ± 0.20 eV. All subsequent analysis is based only on the 3/2 spin--orbit coupled state but both 1/2 and 3/2 states had to be fitted because the splitting is only about 5.7 eV thus causing overlap between Ti~3/2~^4+^ and Ti~1/2~^2+^ components. The 1/2 states were fitted with an area ratio of 0.43 ± 0.03 compared to the corresponding 3/2 state. It is noteworthy that no metallic Ti was observed at any stage of the post-treatments. In O 1s spectra, four different chemical states were identified. In all cases the main peak (set to 530.20 eV in calibration) corresponded to O^2--^ anions in a-TiO~2~. In the thermal treatment series another state was identified at 531.33 eV, which is denoted as O^--^. In the literature, this binding energy region is usually associated with hydroxyl groups,^[@ref24],[@ref25]^ carbonate-like species or other carbon related impurities,^[@ref26]^ or oxygen-deficient titanium oxide (such as TiO~*x*~, where 1.35 \< *x* \< 1.65).^[@ref27]^ The first two explanations would be plausible on the as-deposited surface, because it may have hydroxyl groups or carbon impurities that have adsorbed from air or remained in the structure as residues from the incompletely reacted ALD precursors. However, the peak at 531.33 eV is visible only after 500 °C and higher thermal treatments when the hydroxyl groups and carbon impurities have desorbed from the surface ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf)). Above all, our results clearly show that the O 1s peak at 531.33 eV is not associated with the decrease of oxygen content, because the O/Ti ratio remains constant throughout the thermal treatment series (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Thus, the buildup of O^--^ peak is assumed to result from localized charge transfer between anionic and cationic frameworks during thermally induced reduction, as will be discussed later. Second minor component (*E*~b~ = 532.25 ± 0.10 eV) in O 1s spectra appeared during high temperature annealings at 800 and 900 °C. This peak, denoted as O~Si~, is associated with Si oxide impurities. At these temperatures small amount (\<1.8 at %) of oxidized Si was observed in Si 2p spectra ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf)). Importantly, both O^--^ and O~Si~ were observed only in the thermal treatment series. On the other hand, the spectra measured from the hydrogen exposed samples started to show a slowly growing component at 531.50 eV as the hydrogen exposure time was increased. This component was associated with a process where a chemisorbed hydrogen atom does not desorb from the surface but forms Ti--O--H compounds. The concentration of the OH^--^ component is in all cases less than 6% of all O atoms, which indicates that most of the reactions between a-TiO~2~ and H lead to the desorption of O as water molecules.

![O concentration as a function of the relative Ti^3+/2+^ concentration. For the annealing series, the O content remains constant despite the strong reduction observed in Ti 2p transition. In the hydrogen treatment series, the O concentration approached the 50% limit which implies a TiO stoichiometry.](cm-2017-029385_0004){#fig3}

The bottom spectrum in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} noted as as-deposited represents the situation directly after ALD growth without any post-treatment. In this case the O 1s spectrum can be fitted with one asymmetric Gaussian--Lorentzian component. In addition to O and Ti, the as-deposited surface had approximately 1.5 at % of carbon and \<0.3 at % of nitrogen impurities ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf)). These are however completely removed after the first thermal or hydrogen treatment and do not contribute to our results. Otherwise the surfaces were clean with the exception of the previously mentioned Si oxide after 800 and 900 °C annealing steps. The origin of the Si was traced back to the TDMAT precursor material by continuing the annealing at 900 °C for a total of 30 min. After this prolonged treatment, the Si had disappeared from the surface. This implies that there is a limited source of segregating Si trapped inside the ALD film instead of Si from the substrate diffusing through the film. From the photoelectrochemical point of view this small Si impurity concentration may actually be beneficial because Si doping has been shown to improve photocatalytic activity of TiO~2~ nanotubes.^[@ref28]^

It is noteworthy that the ALD grown surface is not stoichiometric TiO~2~ but has approximately 26% of Ti in Ti^3+^ oxidation state, which can be accounted for interstitial Ti ions or O vacancies.^[@ref10],[@ref29]^ As the postprocessing advances to higher temperatures or longer hydrogen exposure times the amount of Ti suboxides (Ti^3+^ and Ti^2+^) starts to increase. This increases the number of excess electrons in the structure that occupy the electronic states near the Fermi edge, which in turn improves the conductivity.^[@ref10]^ For PEC applications this is an important aspect as the photocurrent must be transferred through the a-TiO~2~ film. Despite the somewhat similar reduction behavior of Ti in both the thermal and hydrogen treatment series, the chemical compositions of the surfaces are strongly distinct when comparing the different reduction methods. This is illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} which shows the relative O concentration on the surface. The calculation is based on the total area of the components shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

For stoichiometric TiO~2~, the theoretical O concentration is 67 at %. In our case, the value should be slightly lower because 26% of Ti is in the Ti^3+^ oxidation state already in the as-deposited film. The discrepancy between the theoretical value and the observed 70 at % value originates mainly from a small error in the relative sensitivity factor of Ti 2p, which does not account for the TiO~2~ satellite features outside the analyzed energy region. The most pronounced feature in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is, however, the difference between thermally and H treated samples. In the H treatment series, the O content decreases with increasing H exposure time. This is as expected because, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, the Ti becomes strongly reduced but almost all of the remaining O stays in the original O^2--^ oxidation state. This implies that O reacting with H atoms is removed from the material, most probably as water, and only a small concentration of Ti--OH compounds is formed. The removal of a neutral O atom from the structure leaves two excess electrons on the empty states of Ti cations. The electrons can be either localized or distributed among the 5-fold coordinated Ti^3+^ ions surrounding the O vacancy. According to the simulations conducted by Di Valentin et al.,^[@ref10]^ the energetically most favorable situations are when the electrons are localized to the Ti^3+^ ion next to the vacancy and the next nearest neighboring Ti cation or alternatively one electron is localized to 5-fold coordinated Ti^3+^ and the other electron is completely delocalized.

Contrary to the hydrogen treatment, the thermal treatment leaves the O concentration practically constant at 70 at % in all studied annealing temperatures. This result is unexpected because Ti is strongly reduced and one could assume that this leads to a decreasing O content. The explanations for this anomalous behavior are scarce in the literature because most of the Ti oxide research has traditionally concentrated on crystalline anatase or rutile forms instead of the amorphous phase. In crystalline TiO~2~, the thermal treatment usually leads to a reduction of only a couple of percent of Ti cations.^[@ref30]^ In that case, the question of what the O/Ti ratio represents is not valid nor easy to study. For example, Ti^3+^ cations are known to readily diffuse toward the bulk,^[@ref11],[@ref31]^ which may alter the results with small concentrations.

One possible explanation for the high O content can be trapped molecular O~2~. This is however unlikely, because in crystalline TiO~2~ molecular O~2~ is known to desorb at about 110 °C,^[@ref32]^ and the desorption energy should not differ too much for amorphous TiO~2~. Thus, the desorption is expected to occur at much lower temperature than what is used in the thermal treatment series. More plausible explanation is localized charge transfer from anions to cations. For example, Pfeifer et al. have studied charge transfer in amorphous IrO~2~, which has a structure very similar to amorphous TiO~2~. They have introduced an IrO~2~ reduction model, where the creation of an Ir vacancy results in two Ir^3+^ ions and six localized reactive O^--^ species.^[@ref33]−[@ref35]^ Interestingly, we also observe the O^--^ formation in a-TiO~2~, even without the Ti vacancy formation. If sufficient amount of thermal energy is introduced to a Ti--O bond, the electron transfer from anionic to cationic framework can result in stable 5-fold-coordinated Ti^3+^ and 2-fold-coordinated O^--^ states in the matrix. This model is supported by the observed binding energy changes in the Ti 2p transition. In the as-deposited film, the Ti^4+^ peak is located at 458.80 eV but starts to shift linearly toward higher binding energies (up to 459.20 eV) as the temperature of the thermal treatment is increased. This can be explained by the increased number of O^--^ species, which attract electrons from the neighboring, still 6-fold-coordinated Ti^4+^ species, thus increasing their effective nuclear charge.

More detailed analysis of the Ti reduction can be obtained by analyzing the relative concentrations of different Ti oxidation states in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} illustrates the evolution of these states as the total Ti suboxide (Ti^3+^ and Ti^2+^) concentration increases. In the thermally treated samples, the reduction starts with only Ti^3+^ being formed at temperatures below 400 °C. At higher temperatures, however, the formation rate of both Ti^3+^ and Ti^2+^ suboxide species is somewhat similar and follows the total suboxide concentration linearly. In contrast, at the hydrogen treated surfaces the initial reduction is strongly focused on the formation of the Ti^3+^ states, and the amount of Ti^2+^ species starts to increase significantly only after the total suboxide concentration has reached about 70%.

![Relative concentration of Ti oxidation states in (a) thermal and (b) hydrogen treatment series and (c) the Ti^2+^/Ti^3+^ ratio as a function of the total suboxide concentration. All experimental values (squares and circles) are determined from the Ti 2p transition shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. The error bars represent the range of variation from repeated measurements. The solid blue lines represent the Monte Carlo simulation results.](cm-2017-029385_0005){#fig4}

To better understand the difference between these reduction mechanisms, we conducted Monte Carlo simulations with two different reduction mechanisms (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf) for details). The reason for these simulations was to qualitatively validate the reduction mechanisms that were deduced based on the XPS data of the Ti oxidation states.

For thermally treated samples, the best agreement between the simulation (solid blue lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) and experimental data was obtained with a mechanism where the original Ti^4+^ state can be reduced directly to Ti^3+^ or Ti^2+^. The reduction from Ti^4+^ to Ti^2+^ state is a possible alternative for the reduction from Ti^4+^ to Ti^3+^ oxidation state because the process does not involve external atoms, such as hydrogen, to be introduced into the matrix. On the other hand, for hydrogen treatment a double reduction from Ti^4+^ to Ti^2+^ state is not likely because a reduction event can be considered as a process where one hydrogen atom at a time encounters the titanium oxide surface and removes one O atom. This process can take place if the Ti atom is either a part of the original TiO~2~ structure or it can already be in a partially reduced Ti~2~O~3~ form. Thus, the removal of one O atom as OH compound leads to Ti~2~O~3~ or TiO configuration, respectively. The simulation results (blue lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) support this type of "one step reduction" mechanism. The exclusive reduction options either from Ti^4+^ to Ti^3+^ or from Ti^3+^ to Ti^2+^ lead to a behavior, where the formation of Ti^3+^ cations is pronounced at the beginning. However, as the amount of Ti^4+^ cations decreases and Ti^3+^ cations increases, the probability for Ti^3+^ to Ti^2+^ reduction increases and the relative Ti^2+^ concentration starts to increase sharply as shown by the Ti^2+^/Ti^3+^ ratio in the [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c.

In addition to the different reduction mechanisms in thermal and hydrogen treatment simulations, the latter required a modification in the *x*-axis scaling. The simulated curves had to be scaled down by 17% to match with the measured data points. This can be interpreted so that 17% of the Ti atoms inside the XPS information depth are deeper than the influence depth of the hydrogen exposure. Thus, these atoms can never be reduced which leads to a sharp decrease in the Ti^3+^ concentration earlier than what the unscaled simulation predicts. On the basis of the Beer--Lambert law and the attenuation length of the Ti 2p photoelectrons (λ = 2.2 nm), the hydrogen exposure influence depth is calculated to be 4.0 nm.

The above-discussed reduction mechanisms are summarized in [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} for thermal treatment and hydrogen treatment, respectively. The ↑ sign in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} depicts the desorption of water molecules from the surface.In thermal treatment at above 400 °C, the reduction process may lead directly to either Ti^3+^ or Ti^2+^ formation whereas in hydrogen treated samples the Ti^3+^ is the preferred reduction product as long as there is a significant amount of stoichiometric TiO~2~ available.

In addition to the oxidation states, the thermal and hydrogen treatments may affect the molecular ordering of the a-TiO~2~ films. Qualitative information about these structural changes can be obtained by analyzing the XPS peak shapes. Accurate curve fitting of the Ti 2p spectra in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} required that the full width at half-maximum (fwhm) of the peaks was allowed to vary. Blue squares and circles in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} illustrate the variation of the Ti^4+^ component fwhm. Other oxidation states gave qualitatively similar results. In the hydrogen exposure series, the fwhm growth is only 24% whereas in thermally treated samples the peak width increases 66% as the suboxide concentration is increased from the original 26 to 73% (900 °C and 10 min treatments). The increase in peak width is a sign of increasing structural disorder.^[@ref34]^ This can be interpreted as a relaxation of internal stress among the chains of the octahedral TiO~2~ units. Thus, it can be concluded that the thermal breaking of Ti--O bonds and the formation of Ti^3+^ and O^--^ species introduce structural changes in the amorphous material. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} also shows the relative concentration of O^--^ (in thermal treatment) and OH^--^ (in hydrogen treatment) states compared to the total O content. For hydrogen treated samples, the OH^--^ increase is relatively weak, because most of the O ions participating in the structural changes desorb from the material as water molecules. For the thermally treated samples, the increase in O^--^ states correlates excellently with the Ti 2p fwhm changes thus consolidating the model that the peak widening is caused by changes in molecular bonding and subsequent deformation of the amorphous structure. Interestingly, the onset temperature for the O^--^ species formation coincides with the temperature where photoelectrochemical stability was obtained. Thus, we may conclude that the O^--^ species stabilizes the a-TiO~2~ from photocorrosion.

![Structural disorder of thermally and hydrogen treated surfaces. For Ti, the disorder increase is interpreted from the fwhm widening of the Ti^4+^ 2p state (blue squares and circles). For O, a qualitatively similar behavior can be seen in the increase of the area of the shoulder peaks (peaks O^--^ and OH^--^ in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) (red diamonds and triangles).](cm-2017-029385_0006){#fig5}

Phase Stability of the Amorphous TiO~2~ {#sec3.3}
---------------------------------------

Thermal treatment of a-TiO~2~ at high temperature is known to induce partial crystallization, especially if the annealing is made in atmospheric pressure.^[@ref2],[@ref13]^ Our analysis of the Ti 2p spectral features clearly indicated that the annealing in UHV increases the structural disorder. This was further supported by XRD measurements of similarly heat treated 200 nm thick a-TiO~2~ films as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} along with the spectra measured from rutile and anatase reference samples.

![XRD patterns from the thermally treated a-TiO~2~ films in addition to the spectra measured from the rutile and anatase reference samples. The films do not show any crystalline TiO~2~ features at temperatures from 200 °C (as-deposited) to 900 °C. The SiO~2~ peak in the 900 °C diffractogram is due to thin SiO~2~ film at the Si--a-TiO~2~ interface. The anatase and rutile references were obtained from TiO~2~ films grown at 100 and 200 °C followed by annealing in air at 700 °C for 45 min, respectively.](cm-2017-029385_0007){#fig6}

The XRD results were consistent with the XPS results showing no indication of crystalline phases of TiO~2~ in the thermally treated films. This is most advantageous in terms of using the films for PEC applications, because amorphous films are known to protect the underlying semiconductor better than crystalline films and also exhibit higher photocurrent conductivity.^[@ref2]^ The only emerging diffraction feature as a result of annealing was the SiO~2~ related peak which appeared during the 900 °C thermal treatment. TiO~2~ is known to donate O to Si at high temperatures, which produces a thin SiO~2~ film at the Si--TiO~2~ interface.^[@ref36]^ Importantly, the insulating SiO~2~ film at the interface limits the current transfer required for efficient photoelectrochemical water splitting. This explains the observed PEC response where higher annealing temperatures produced smaller photocurrent densities.

Modification of the Valence Band Structure {#sec3.4}
------------------------------------------

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b shows the UP spectra of the thermal and hydrogen treated a-TiO~2~/Si samples. The valence band (VB) (*E*~b~ ≈ 3.3--12 eV) is fitted with three states corresponding to TiO~2~ orbitals.^[@ref37],[@ref38]^ The highest energy band is associated with the nonbonding O 2p orbitals (π-type). Below that are the π- and σ-type molecular orbitals of TiO~2~. In the spectrum of the as-deposited sample there is an additional peak at 10.2 eV (denoted as γ) which is produced by the impurities such as OH or CO groups on the surface.^[@ref11],[@ref39]^ This state disappears immediately during the first thermal or hydrogen treatment, which together with the core level XP spectra verifies the purity of the studied films. Additionally, a new peak with the same binding energy appears after 800 and 900 °C thermal treatments. This is caused by Si oxide formed when the residual Si impurity from the film segregates to the surface.^[@ref40]^ The UPS spectral feature observed at the 2--3 eV range is a combination of the valence band structure and He Iβ satellite line. The latter accounts for approximately 30% of the total intensity at this energy range.

![Ultraviolet photoemission valence band (VB) spectra after (a) thermal and (b) hydrogen treatments of a-TiO~2~. The main components originating from the a-TiO~2~ film are the σ and π molecular orbitals together with the O 2p nonbonding orbitals. In addition to these components, the reduced a-TiO~2~ has a significant Ti 3d component as shown in blue in the magnified views. In the case of the as-deposited surface the γ component can be associated with the σ states of hydroxyl groups adsorbed from the atmosphere.^[@ref11]^ For 800 and 900 °C annealed samples, the same component position corresponds to the electronic states in SiO~2~ which is formed by the surface segregated Si.^[@ref40]^ Part c illustrates the area of the Ti^3+/2+^ oxidation state related Ti 3d peak. For hydrogen treatment series the area of Ti 3d suboxide states increases linearly whereas in thermal treatment the area starts to saturate after 700 °C annealing.](cm-2017-029385_0008){#fig7}

For pure stoichiometric TiO~2~, the band gap is about 3.0--3.4 eV depending on the crystal structure^[@ref38],[@ref41],[@ref42]^ and the conduction band minimum is located close to the Fermi energy. This is in good agreement with our as-deposited sample where the valence band maximum (VBM) is located at a binding energy of 3.3 eV as determined by extrapolating the linear region of the lower energy side of the VB to the zero intensity baseline. During the treatments, the VBM shows minor gradual shift to 3.5 or 3.6 eV for thermally and hydrogen treated samples, respectively. In hydrogen treatment series the density of the nonbonding O 2p states decreases with increasing exposure time which is in concordance with the aforementioned removal of O atoms from the structure. On the other hand, in thermally treated samples the density of the O 2p~*n*/b~ states remains rather constant from 400 to 700 °C. After this, there is a sudden decrease in the density which can be associated with some of the O atoms reacting with the surface segregated Si atoms resulting in the formation of the γ state.

The Ti 3d state just below the Fermi edge is playing a major role in determining the photoactivity of the a-TiO~2~/Si surface. These in-gap states provide a pathway for electron transfer between the bulk electrode material and the electrolyte^[@ref9],[@ref41]^ and also effectively narrow the band gap thus improving the absorption of longer wavelengths.^[@ref43]^ The in-gap states divide the band gap in two smaller sub gaps thus providing an intermediate stepping stone for photoexcitation at lower energies.^[@ref44]^ The in-gap states of TiO~2~ have often been ascribed to dopants or impurities (e.g., C, S, N, W, Mn),^[@ref10],[@ref38],[@ref43]−[@ref45]^ Ti^3+/2+^ interstitials,^[@ref10],[@ref11]^ or bridging O vacancies.^[@ref10],[@ref37]^ In our case, the impurity contribution can be excluded because the as-deposited surface has the highest C and N concentration accumulated from the air exposure and ALD precursor residues but still shows no in-gap density of states. Instead, when the surface is exposed to elevated temperatures or hydrogen atoms, the area of the Ti^3+/2+^ 3d component starts to increase rapidly. For hydrogen treated samples, the density of the in-gap state shows rather linear increase as a function of the total hydrogen exposure induced suboxide concentration, as illustrated in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c. The position of the peak remains constant at *E*~b~ = 0.54 eV, which suggests that the peak is related to only one type of chemical state. The observed binding energy is in good agreement with the theoretically calculated value for Ti^3+/2+^ 3d states caused by O vacancies,^[@ref10]^ thus supporting the model that the peak is produced solely by the removal of O atoms.

In the thermal treatment series, the growth of the Ti^3+/2+^ 3d component is more subtle, especially above 60% suboxide concentration, and the peak position shifts toward the Fermi edge with the increasing treatment temperature. The shift from *E*~b~ = 0.72 to 0.50 eV can be interpreted such that the peak is a convolution of two different chemical states: the Ti^3+^ cation where Ti has only one localized excess electron or Ti^2+^ with two localized excess electrons as discussed previously in the reduction mechanism section. Thus, the increasing Ti^2+^/Ti^3+^ ratio pushes the total in-gap density of states to smaller binding energy.

Conclusions {#sec4}
===========

The presented results show two methods for modifying the molecular structure and electronic states of the ALD grown a-TiO~2~ thin film on a semiconductor electrode surface. Both the thermal treatment in UHV and the atomic hydrogen treatment lead to a partially restructured amorphous phase, where the appearance of the in-gap Ti^3+/2+^ 3d electronic states narrows the effective band gap. Importantly, both methods preserve the amorphous phase of the a-TiO~2~ film. This is advantageous for photoelectrochemical applications as several recent studies have shown that the underlying semiconductor electrodes can be protected more efficiently with a conformal a-TiO~2~ film rather than with its crystalline counterparts.

The studied post-treatment methods lead to considerably distinct chemical compositions as summarized in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. In the thermal treatment series, the relative concentration of O and Ti atoms remains constant but some electrons are transferred from anionic to cationic network. This leads to the formation of localized Ti^3+^ and Ti^2+^ species and O^--^ species. Importantly, the annealing procedure in UHV does not introduce any crystallization, but on the contrary decreases the structural order by relieving the strain in the amorphous lattice. By comparison, the atomic hydrogen treatment removes O atoms creating O vacancies surrounded by Ti cations in Ti^3+^ or Ti^2+^ valence state.

![Schematic representation of the chemical and electronic changes in the a-TiO~2~ ultrathin films as a result of the thermal and hydrogen post-treatments. The thermal treatment breaks bonds between Ti and O atoms leaving the elemental composition intact. The electron transfer from O to Ti results in excess electrons that occupy the Ti 3d state, which improves charge transfer properties. Additionally, the thermal treatment enhances the photoelectrochemical stability of the film via formation of O^--^ species that are essentially electronic defects in the anionic framework. In contrast, atomic hydrogen treatment creates an electronically "leaky" film via formation of O vacancies resulting in a photoelectrochemically unstable film.](cm-2017-029385_0009){#fig8}

From the photoelectrochemical point of view, the as-deposited a-TiO~2~ is susceptible to severe photocorrosion under photoelectrochemical water oxidation conditions. The stability of a-TiO~2~ can be obtained after heat treatment at \>500 °C in vacuum. This was attributed to the formation of O^--^ species that are essentially electronic defects in the anionic framework. At elevated temperatures above 500 °C, the a-TiO~2~ thin film starts to react with the underlying Si substrate which produces an insulating SiO~2~ interface layer thus lowering the photocurrent. On the other hand, the hydrogen treated samples were found to be unstable in alkaline electrochemical conditions. On the basis of the photocurrent measurements, the photocorrosion of the hydrogen treated samples was comparable to that of the as-deposited samples.

In addition to optimizing the surface chemical and electronic structure, large scale manufacturing of cost-efficient water splitting devices would require optimization of the morphological structure, such as utilization of porous nanomaterials or nanowires.^[@ref46],[@ref47]^ This would increase the reactive surface area thus increasing the achievable photocurrent. However, the planar model systems used in this study provide valuable information about the possible a-TiO~2~ post-treatment routes. Combining the knowledge obtained here with the nanostructured substrates and highly active electrocatalyst materials^[@ref2],[@ref4],[@ref8]^ can lead to a significant improvement in photoelectrodes utilizing a-TiO~2~ ultrathin film coatings.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.chemmater.7b02938](http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b02938).Additional XPS spectra, photoelectrochemical current--voltage curves, XPS/UPS fitting parameters, and details of the Monte Carlo simulations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02938/suppl_file/cm7b02938_si_001.pdf))
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